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Micellar catalysis of dimethyl[2-(4-imidazolyl)ethyl]octadecylammonium chloride (2) and dimethyl[(4-imidazo-
lyl)methyl]octadecylammonium chloride (1a) has been investigated for the hydrolysis of substituted phenyl esters
of carboxylic acids (5). The catalysis was observed to occur through the rapid formation and decomposition of the
acylimidazole intermediate for both neutral and anionic forms of 2 and 1a (pH 7-9). Observed Michaelis-Menten
type kinetics for the acylation step were analyzed to obtain catalytic rate constants (k) and the apparent associa-
tion constants (Kapp/N) separately. The effect of acyl chain length and the substituent effects on the leaving phe-
noxy group were then examined with respect to the km and K,pp/N values. Qualitatively, the K /N values appear
to be accounted for in terms of a hydrophobic binding force between the substrate and micelle. However, a case has
been observed which suggests a more complex binding process involving multistep equilibria than explained simply
by such hydrophobic force. For the &, values, a linear relationship was found between log km and o~ constants,
which suggests a stabilization of transition state due to an electrostatic interaction between the positive charge of
the catalyst ammonium group and the negative charge of the leaving phenoxy group. The temperature effects on
the micellization of 2 and on the £y, and Kapp/N values of p-methyl- and p-nitrophenyl hexanoates were also exam-
ined. The resulting thermodynamic parameters for the hinding process (K app/IN) were found to be widely different
for both magnitude and sign with respect to the two esters.

Micellar catalysis of a synthetic surfactant as the model
of enzymic catalysis has been extensively investigated for the
past decade.! Such micelles may be classified arbitrarily as
nonfunctional and functional micelles.!d® An increasing
number of functional micelles have been reported in recent
years. Functional groups such as amino,? mercapto,® hy-
droxy,*¢ imidazole ring,*$7-12 hydroxamate,!2213 etc. have
been examined. In these examples, a large rate acceleration
is usually observed. However, only a very few examples seem
to be effective catalytic systems. Namely, in other cases, in-
activation of micelle occurs due to the formation of a stable
covalent intermediate between the functional group and the
substrate. )

In a preliminary communication,® we reported that an
imidazole containing cationic surfactant (la) is a remarkably
effective catalyst under micellar conditions for the hydrolysis
of p-nitrophenyl carboxylates (5; n = 1, X = p-NO3). The
catalysis involves a facile formation and decomposition of the
acylimidazole intermediate. While in the case of the mixed
micelle of N-myristoylhistidine and CTABr (4a),% the acyl-
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ation is fast but the next deacylation step is slow. However,
it was found later by Tonellato that 1b has an extremely low
pK (3.5),%¢ and the dissociated imidazole anion is the active
species in such a pH region as the undissociated neutral base
of 4a is active (pK; = 6.2).82 In this paper, we describe the
detailed accounts of catalysis of 2 in the hydrolysis of 5. As
expected, 2 has a higher pK; value (4.5-6) and gives a sigmoid
pH-rate profile, usually observed for a neutral imidazole base.
Furthermore, the deacylation step in 2 is still as fast as in
la.

Results and Discussion

Cmec and pK Values. The cme values of 1a and 2 deter-
mined by a dye method using eosinel4 are shown in Table 1.
The values for 2 were always found in a range of 3-5 X 10~®
M under various kinetic conditions. The apparent pK; of 2
(4.5-6.1) measured by titration and using the modified Hen-
derson equation [pH = pK,pp — o log (1 — a/a)]® was found
to be concentration dependent, but it became constant at
higher salt concentration (NaCl and 2) as shown in Figure 1.
Meanwhile, the kinetic pK values observed in the pH-rate
profile of hydrolysis (Figure 2) appear to be somewhat larger
around 6.1 The pK; value of 1a was not determined. Pre-
sumably, its value is close to that of 1b (pK;(spp) = 3.5) re-
ported by Tonellato.?c The pH-rate profile (Figure 2) also
suggests the pK; of 1a to be low.

Kinetics. Rates vs. Surfactant Concentration. Some
examples of the plots of observed pseudo-first-order rate
constants against surfactant concentration are shown in
Figures 3 and 4. These plots can be analyzed by assuming an
ordinary kinetic scheme (eq 1) for micellar reaction’!” and
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Table I. Cmc and pK Values of Surfactants
registry
surfactant no. conditions (25 °C) cme, M pK: pKg
2 68437-45-6 pure water 3.25 X 104 4.5-6.1¢ 13%
Tris buffer (0.05 M, pH 8.07) 4.50 X 10-5
la 37717-55-8 pure water 1.23 X 1074
phosphate buffer (0.05 M, pH 8.05) 1.90 X 105
1b¢ pure water 1.05 X 10—¢ 3.5
STABr¢ 1120-02-1 pure water 4,51 X 10~4
Tris buffer (0.07 M, pH 9.0) 3.02 X 1074

¢ See Figure 1. ® Reference 16b. ¢ Reference 9¢c. ¢ Octadecyltrimethylammonium bromide.
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Figure 1. pK; of 2 as a function of concentration (25 °C): (O) the
chloride of 2 without added salt; (®) with additional NaCl of 0.1
M.
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Figure 2. pH-rate profiles for the hydrolysis of phenyl acetates (5,
n=1):(0)1la=1X10"*M, substrate (X = p-NOy) = 5 X 10~ M;
(¢) 2=1X 1074 M, substrate (X = p-NOy) =5 X 10~5M; (@) 2 = 2
X 1073 M, substrate (X = p-OCHj) = 2 X 10~* M; obtained at 25 °C
with 0.05 M buffer [acetate (pH < 6), phosphate (6 < pH < 7-8), Tris
(pH = 8), carbonate (pH > 9)].

by using eq 2-4: S, substrate; M, micelle; S—~M, substrate—
micelle complex; P, product; ky, observed pseudo-first-order
rate constant; k., spontaneous rate constant; k,, catalytic rate
constant; K ,pp, apparent association constant; Cp, surfactant
monomer concentration; N, aggregation number. Any notable
self-inhibition by the catalyst itself, often observed at higher
Cp values,!” was not detected in all of the present kinetics,
which simplified the analyses. A problem may be the possible
concentration dependency of pK; of 2 on Cp (Figure 1).
Nevertheless, good linearity of eq 4 was obtained by assuming
a constant pK for each set of plots of ky vs. Cp. Presumably,
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Figure 3. Plots of ky vs. Cp of 2 at 25 °C and pH 8.07 (0.05M Tris
buffer) (substrate = 5 X 105 M): (®) acetate (5;n =1, X = p-NOy);
(@) butyrate (5; n = 3, X = p-NOy); (O) hexanoate (5, n = 5,X =
p-NOy).
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Figure 4. Substituent effects on the plots of kyvs.Cpof2at25°C
and pH 9.20 (0.05 M carbonate buffer); the curves from the top are
for the acetates (5, n = 1) of X = p-NQy, m-NOg, p-COCHg, p-t-Bu,
p-CHs, m-CHj, H, and p-COCHj3 with the concentration = 2 X 104
M (except for p-NO; and p-COCHjg, 5 X 10-5 M).

the presence of 0.05 M buffer sufficed for the constancy of pK;
and cmc. Thus, the values of N/Kyp,, and k4, could be readily
obtained under various experimental conditions through the
reciprocal plots of eq 4, where the cmc values were read from
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Table I1. Effects of Alkyl Chain Length of Substrate (5, X = p-NO3) on the Rates of Micellar-Catalyzed Hydrolysis®

ko X ]-05y km’ N/Kapp5 kaapp/Na
catalyst pH® n s~1 s7! mM M-tg-1 krel®
2 7.07 1d 0.216 0.035 2.98 11.7
7.14 5¢ 0.108 0.108 0.875 123
1 2.34 0.0455 3.85 11.8 172
8.07 {3/ 1.65 0.0848 1.80 47.1 963
5 0.955 0.125 0.669 187 5137
9.20 1 32.5 0.450 9.13 49.3
9.47 3 23.8 1.00 2.76 362
9.20 5 20.0 1.25 0.832 1502
la 1 2.20 0.217 10.5 20.7
8.05 l3 1.48 0.31 3.50 88.6
5 0.905 0.417 1.07 390

@ See Figures 3, 5, and 6. ® 25 °C, 0.05 M buffer (see caption for Figure 2). ¢ Relative to the rates of histamine (3); (kmKapp/N)/
ko(histamine). 4 Registry no., 830-03-5. ¢ Registry no., 956-75-2. f Registry no., 2635-84-9.

the plots of ky vs. Cp (e.g., Figure 3) so as to obtain better fits
of the data. Such cme values varied within a range of 3-5 X
10> M. The aggregation number N has not been determined,
so the N/K 4pp values are used in this paper to discuss binding
phenomenon.

As mentioned above, the kinetic analyses of the related
systems of 1b,%¢ 1¢,°d and 4a® have been reported already.
However, in the former two cases, attempts to measure K ,,,
values failed to give reproducible results, so that only ks’
values were reported which were obtained from the slopes of
the initial straight line portion of &, vs. Cp plots. Meanwhile,
substrate incorporation was examined in the mixed micelles
of 4a82 and 1b with CTABr® based on the kinetic scheme of
eq 5-7. However, the K; value was defined to be an inhibition
constant due to the binding of substrate on an inactive region
of micelle (M;).!8 Here again the association constant K pp and
the ky, values for the active micelle (M,) and substrate remain
inseparable from each other in the k5 values.

K
S + M; =2 S8-M; (5)
k
S+ M, —>X-M, + P, (6)
k:
X-M, + HyO — M, + P, (7)

Effect of Acyl Chain Length. The results of analyses of
Figure 3 together with those for other pH values are shown in
Table II. The apparent second-order rate constants ko (the
initial slope of ky vs. Cp plots) agreed well with the knKapp/N
values. These kK ,pp/N values at pH 7-8 (plateau rates,
Figure 2) may be compared with the reported k9 values of 4a:82
ko (M—1s71,25°C) =6.26(n =1),22.5(n =3),and 122 (n =
5), respectively. It may be seen that 2 is roughly twice more
reactive than 4a. The k.. values of Table II are also much
larger than those of 4a (relative to N-acetylhistidine). It
should be noted that such a higher reactivity of 2 is achieved
inspite of a lower pK; (~5) than that of 4a (pK; = 6.2).1°

The k,, values are roughly constant between pH 7-8 and
increase at above pH 8, as expected for the undissociated
neutral imidazole in the former and for the dissociated imid-
azole anion in the latter pH regions. The k, value appears to
be larger for a longer acyl chain substrate. This observation
might be strange because the k, values reflect the reactivities
of substrates at the active site after their incorporation into
the micelle, and they might be smaller for a longer acy! chain
due to the unfavorable steric and electronic effects (see k,
values, later discussions, and Figure 8). The N/K ,,;, values are
independent of pH for n = 5 and slightly dependent for n =
1 and 3. The free energy change for the binding of substrate
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Figure 5. Spectrophotometric traces of the formation and decom-
position of the acylimidazole intermediate in the hydrolysis of PNPA
(5;n = 1,X = p-NOg) = 1.58 X 107* M with the catalysts, [Im] = 5
X 1073 M, in 0.05 M phosphate buffer at 25 °C: (A) 4b (pH 8); (B) 1a
(9); (C) 1a (8); (D) 1a (7); (E) 2 (8); (F) 2 (7); (G) unsubstituted im-
idazole (8); (H) unsubstituted imidazole (7).

per methylene unit based on eq 8% was calculated to be
—A(AF) = 260 (pH 8.07) and 355 (pH 9.20) cal mol~! (25 °C),
respectively, as approximate values. These values may be
significantly smaller than the values of 630 cal mol~! obtained
from the K; values of 4a,%® and they might be related to a
different mode of binding for the p-NO, ester (see later dis-
cussion).

—RT In (K pp/N)
n

In Table II are also listed the data for the catalysis of 1a.
They indicated several fold larger k., and slightly larger N/
K app values as compared to those of 2. However, as mentioned
above, these data at pH 8 seem to be largely due to the activity
of dissociated imidazole anion, so they cannot be directly
compared with those of the neutral form of 2.

Acylimidazole Intermediate. Previous studies have al-
ready demonstrated the intermediacy of acylimidazole for all
1a,% 1b% 1¢,%f 4a % and 4b% systems. The catalysis of 2 has
also been observed to involve the acylimidazole intermediate
as shown by the spectrophotometric traces at 245 nm in Figure
5. The figure indicates that the acylation of 4b (OD increase)
is fast, but its deacylation is very slow at pH 7. On the other
hand, both steps are fast in the cases of 1a and 2. It is also in-
dicated that the acylation rate in 2 is less sensitive to the
change of pH (between 7-8) than in la, in accord with the

A(AF) = (8)
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Figure 9. Plots of log emc vs. 1/T (eq 12). The cmc values were ob-

served at pH 9.30 (0.05 M carbonate buffer) with eosine = 1 X 10~5
Mand2=2X10"6-1X 1074+ M.

Table IV. Thermodynamic Parameters for the
Micellization of 22

temp AH° /(1 + «), AS°eL/(1 + @),
range,? °C kcal mol™! cal mol~! deg™!
10-23.9 1.70 33.5
23.9-40.6 8.29 55.7

@ Calculated from the plots of Figure 9. ® Other conditions: pH
9.3; 0.05 M carbonate buffer.

erature survey reveals that such a break is often observed for
the electrolyte surfactants,1334

Based on the phase separation model, Molyneux et al. have
given eq 11 and 12 for the dilute aqueous solutions of elec-

AGe,, = AH®,, — TAS®, (11)
AH%, 1

9303R(1 + ) T

log Cf =

_ AS°
2.303R(1 + a)

trolyte surfactants,>* where AG®°y,, AH®,,, and AS®, are the
standard free energy change (kcal mol~1) of micellization for
the transfer of a mol of free monomer and « mol of the ge-
genion to the micellar phase and the corresponding standard
enthalpy and entropy changes, respectively. Crand w are the
molar concentrations of surfactant (i.e., cmc) and water (55.4
M, 20 °C), respectively. Thus, if the a values are known, the
plots of Figure 9 allow the calculation of the AH®,, and AS®y,
values from the slopes and intercepts. Unfortunately, the «
values are unknown yet.35 Nevertheless, it may be worthy to
give AH® /(1 + &), AS° /(1 + a), and AG® /(1 + @) values
as the qualitative measure of the thermodynamics of micel-
lization of 2 as shown in Table IV.

In the literature, the micellization of nonionic surfactant
was reported to give positive values of AH (~5 kcal mol~1) and
AS (~30 cal mol~! deg—1).3¢¢ On the other hand, some N-
alkylbetaines were reported to give a negative AH at higher
temperature and a positive AH at lower temperature, resulting
in temperature minima in the plots of log cme vs. 1/7.34d The
results in Figure 9 and Table IV resemble more the former
case than the latter. Presumably, the hydrogen bonding be-
tween a water—imidazole unit in 2 and a water-oxymethylene
unit in a nonionic surfactant may be more important in the
monomer state than in the micellar aggregates. Such hydrogen
bonding should be relatively unimportant for a betaine group.

+logw (12)

Tagaki et al.

Loss of hydrogen bonding (liberation of water molecules) on
micellization would result in positive values of both AH and
AS as considered for hydrophobic bonding.3¢ Liberation of
solvated water from the imidazole group may partly contrib-
ute to the enhanced nucleophilicity of the imidazole group of
2 in addition to the electrostatic positive charge effect as
suggested in the structure 9. The smaller pK; of micellar 2
(~5) than that of nonmicellar reference histamine (3, 5.78)
may also reflect the less polar nature of the micellar medium
than that of bulk water.

Temperature Effects on the Rates. As discussed for the
data in Figure 6, the rate-limiting step (measured by k) is
likely to be different between o and ¢,~ dependent esters.
Namely, the addition of imidazole to the ester carbonyl (k;
step in eq 9) is rate limiting for a ¢ dependent ester such as X
= p-CHj (5), while the collapse of the tetrahedral interme-
diate (k; step) is rate limiting for a o~ dependent ester such
as X = p-NO.. If such happens, the observed association
constants K.pp/N should also correspond to different equi-
libria, i.e., K for ¢ and K(ki/k_1) for o,~ dependent esters.
Therefore, it is interesting to see the thermodynamic pa-
rameters for the two types of esters with respect to both k&,
and Kpp/N values.

p-Methyl- and p-nitrophenyl hexanoates (5, n = 5) were
selected as the two extremes. They gave good reciprocal plots
of eq 4 for various temperatures. The resulting K,5,/N and
km values were treated based on eq 13-16,%7 and the plots of
log (K app/N) and log (RT/hkyy,) vs. 1/T allowed the calculation
of the desired thermodynamic parameters, as shown in Figures
10 and 11 and Table V.

AG = —2.303RT log (Kapp/N) (13)
AG = AH - TAS (14)

AG* = —2.303RT log (kT/hky,) (15)
AG* = AH* — TAS* (16)

The activation parameters (AG*, AH¥, and AS¥) in Table
V are the values for an intramolecular process. In this regard,
it may be of interest to note that the AS* values (—16.9 and
—13.7 cal mol~! deg~!) are negatively much smaller than those
of the following examples: —48.3 (p-CHj3) and —35.9 (p-NOy)
for a bimolecular nucleophilic catalysis of imidazole in the
hydrolysis of phenyl acetates;2” —50 to —60 for an intramo-
lecular process of imidazole-containing polymer catalysts.312
However, it may be difficult to consider AH* and AS¥ sepa-
rately because of their known compensatory relationship. In
fact, the AH* values of Table V are much larger than those
of the reference examples (5-8 kcal mol~1).27:312 At any rate,
the AG¥ values (20.5 and 17.6 kcal mol~!) appear to be sig-
nificantly smaller than expected for the values of an imidazole
having such a low pK, (~5). Another more striking feature in
Table V are the parameters for the binding process (K pp/N)
as discussed below.

In the case of the p-CHj ester, the data points in Figure 10
appear to be grouped in the two separate lines. They are
scattered and the slopes of the lines are small, so that the
calculated parameters in Table V inevitably involve consid-
erable error and should be taken as approximate values.
Nevertheless, it is certain that (1) the slopes of the two lines
are both negative to give positive AH and AS values and (2)
there is a break between the two lines near 297.1 K, which is
mentioned above as a breaking temperature in the micelli-
zation of 2 (Figure 9). Thus, the two sets of positive AH and
AS values for the p-CHjz ester seem to be associated with a
similar binding process as in micellization; namely, the ester
is incorporated into the micelle by hydrophobic forces without
involving any covalent bonding. These values are also similar,
in both magnitude and sign, to those observed in the related
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Figure 6. Plots of log kr, vs. o and o~ constants (see Table I1I): (O)
acetates (5,n = 1); (@) hexanoates (5, n = 5).

dicated thgt the chymotrypsin-catalyzed hydrolysis of a
nonspecific substrate such as p-nitrophenyl acetate proceeds
through the acylation of an imidazole group at the active site
of histidine.?? A large positive p value for the ;,~ correlation
was then explained to indicate an extensive rupture of the C-O
bond of the leaving group in the transition state for the im-
idazole acylation.?® Thus, the present micellar catalysis re-
sembles more the enzyme catalysis of chymotrypsin than the
other nonmicellar model systems as far as concerning the
substituent effect.

The above ohservations, i.e., the formation of acylimidazole
and the log kX vs. 0,7~ correlation, can be formulated in eq
9 by assuming a tetrahedral addition intermediate (9). En-

hanced nucleophilic reactivity of the micellar imidazole group
would make a change in the rate-limiting step from k; (see 6)
to step ko for the esters substituted with a strong electron-
withdrawing group. Development of a negative charge on the
leaving phenoxide in the transition state would be far ad-
vanced in 9 due to a strong electrostatic interaction with the
positive charge of the ammonium group in 9 to give o,~ de-
pendency. Rate-limiting collapse of 9 may also account for a
significant descrepancy between the pK; values determined
by titration (~5) and observed in the pH-rate profile (~6).
As noted in the effect of acyl chain length (Table IT), the two
parallel lines of Figure 6 again indicate more clearly that the
longer chain hexanoates are always more reactive than the
shorter chain acetates (except for p-t-Bu) in the micellar
phase of 2, in contrast with their reversed reactivities both in
the bulk water and even in a nonfunctional micellar phase
(Figure 8). Electronic and steric effects of the acyl chain on
the nucleophilic attack of imidazole seem to be rather more
unfavorable for hexanoates than for the acetates. Presumably,
in the catalysis of 2 tighter binding, as manifested in the
smaller N/K,,p values, results in more lowering of the tran-
sition state energy.?! Tighter binding would also increase such
electrostatic interactions as depicted in 9 (see below for further
discussion on the free energy change).
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Figure 7. Plots of log (N/K app) vs. ¢ constants (see Table I1D): (O)
acetates (5, n = 1); (@) hexanoates (5, n = 5).
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Figure 8. Plots of log (k¥on)o and log (EXox)m vs. Hammett ¢ con-
stants. (kXon), and (kXou)m are the rate constants ky/[OH} in the
absence {lower two lines) and presence (upper two lines) of STABr
micelle (Cp = 2 X 1073 M) with 0.05 M buffer ((OH~] was calculated
from the relation pPOH™ = 14 — pH): (O) acetates (5, n = 1); (@)
hexanoates (5, n = 5H).

The log (N/Kpp) values appear to be better correlated with
the = constants (a measure of hydrophobic effect)3? rather
than the o constants (a measure of electronic effect). The plots
of log (N/K app) vs. o gave only very scattered points. On the
other hand, as shown in Figure 7 the plots with 7 values (eq
10)33 indicate a definite trend of better binding for stronger

T = TR T TX (10)

hydrophobic substrates, although the points are somewhat
scattered. The figure also indicates a leveling off of binding;
i.e., strong hydrophobic n-pentyl and tert-butyl groups ov-
erweigh the effects of other X substituents. Presumably, the
point of log ky, for p-t-Bu (n = 1) in Figure 6 which deviates
far from the n = 1 line is better grouped in with the points of
the n = 5 line.

Temperature Effects on the Micellization of 2. In order
to examine the temperature effect on the catalysis, it may also
be necessary to know the temperature effects on the micelli-
zation itself. As shown in Figure 9, a sharp temperature break
was observed in the plots of log cme vs. 1/T at 297.1 K. A lit-
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Figure 9. Plots of log emce vs. 1/T {eq 12). The cme values were ob-

served at pH 9.30 (0.05 M carbonate buffer) with eosine = 1 X 10~5
.Mand2=2X1076-1 X 107¢M.

Table IV. Thermodynamic Parameters for the
Micellization of 2¢

temp AHC /(1 + o), AS°L/(1 + @),
range,? °C keal mol~! cal mol~! deg~!
10-23.9 1.70 33.5
23.9-40.6 8.29 55.7

@ Calculated from the plots of Figure 9. ® Other conditions: pH
9.3; 0.05 M carbonate buffer.

erature survey reveals that such a break is often observed for
the electrolyte surfactants.13:34

Based on the phase separation model, Molyneux et al. have
given eq 11 and 12 for the dilute aqueous solutions of elec-

AG®y, = AH®, — TAS®, (11)
A, 1

23038R(1+ ) T

log C{ =

AS°,

2303R(1 + o) T l0Be (12)
trolyte surfactants,¢ where AG°p,, AH®p,,, and AS®, are the
standard free energy change (kcal mol™1) of micellization for
the transfer of a mol of free monomer and « mol of the ge-
genion to the micellar phase and the corresponding standard
enthalpy and entropy changes, respectively. C¢ and w are the
molar concentrations of surfactant (i.e., cme) and water (55.4
M, 20 °C), respectively. Thus, if the « values are known, the
plots of Figure 9 allow the calculation of the AH®, and AS®,
values from the slopes and intercepts. Unfortunately, the «
values are unknown yet.3> Nevertheless, it may be worthy to
give AH® /(1 + &), AS°L/(1 + «), and AG° /(1 + a) values
as the qualitative measure of the thermodynamics of micel-
lization of 2 as shown in Table IV.

In the literature, the micellization of nonionic surfactant
was reported to give positive values of AH (~b keal mol~1) and
AS (~30 cal mol~! deg—1).34¢ On the other hand, some N-
alkylbetaines were reported to give a negative AH at higher
temperature and a positive AH at lower temperature, resulting
in temperature minima in the plots of log ecmc vs. 1/7.34d The
results in Figure 9 and Table IV resemble more the former
case than the latter. Presumably, the hydrogen bonding be-
tween a water—imidazole unit in 2 and a water-oxymethylene
unit in a nonionic surfactant may be more important in the
monomer state than in the micellar aggregates. Such hydrogen
bonding should be relatively unimportant for a betaine group.
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Loss of hydrogen bonding (liberation of water molecules) on
micellization would result in positive values of both AH and
AS as considered for hydrophobic bonding.38 Liberation of
solvated water from the imidazole group may partly contrib-
ute to the enhanced nucleophilicity of the imidazole group of
2 in addition to the electrostatic positive charge effect as
suggested in the structure 9. The smaller pK; of micellar 2
(~5) than that of nonmicellar reference histamine (3, 5.78)
may also reflect the less polar nature of the micellar medium
than that of bulk water.

Temperature Effects on the Rates. As discussed for the
data in Figure 6, the rate-limiting step (measured by ky,) is
likely to be different between ¢ and o,~ dependent esters.
Namely, the addition of imidazole to the ester carbonyl (k;
step in eq 9) is rate limiting for a ¢ dependent ester such as X
= p-CHj (5), while the collapse of the tetrahedral interme-
diate (ko step) is rate limiting for a o, dependent ester such
as X = p-NO.. If such happens, the observed association
constants K,pp/N should also correspond to different equi-
libria, i.e., K for ¢ and K(k,/k_;) for o,~ dependent esters.
Therefore, it is interesting to see the thermodynamic pa-
rameters for the two types of esters with respect to both ky,
and K /N values.

p-Methyl- and p-nitrophenyl hexanoates (5, n = 5) were
selected as the two extremes. They gave good reciprocal plots
of eq 4 for various temperatures. The resulting K ,,,/N and
km values were treated based on eq 13-16,37 and the plots of
log (Kapp/N) and log (kT/hk ) vs. 1/T allowed the calculation
of the desired thermodynamic parameters, as shown in Figures
10 and 11 and Table V.

AG = —2.303RT log (Kapp/N) (13)
AG = AH — TAS (14)
AG* = —2.303RT log (kT/hky,) (15)
AG* = AH¥ — TAS* (16)

The activation parameters (AG*, AH*, and AS¥) in Table
V are the values for an intramolecular process. In this regard,
it may be of interest to note that the AS¥ values (—16.9 and
—183.7 cal mol~! deg—1) are negatively much smaller than those
of the following examples: —48.3 (p-CH3) and —35.9 (p-NO3)
for a bimolecular nucleophilic catalysis of imidazole in the
hydrolysis of phenyl acetates;2” —50 to —60 for an intramo-
lecular process of imidazole-containing polymer catalysts.312
However, it may be difficult to consider AH* and AS¥ sepa-
rately because of their known compensatory relationship. In
fact, the AH¥ values of Table V are much larger than those
of the reference examples (5-8 kcal mol~1),27-312 At any rate,
the AG* values (20.5 and 17.6 kcal mol~1) appear to be sig-
nificantly smaller than expected for the values of an imidazole
having such a low pK, (~5). Another more striking feature in
Table V are the parameters for the binding process (K pp/N)
as discussed below.

In the case of the p-CHj ester, the data points in Figure 10
appear to be grouped in the two separate lines. They are
scattered and the slopes of the lines are small, so that the
calculated parameters in Table V inevitably involve consid-
erable error and should be taken as approximate values.
Nevertheless, it is certain that (1) the slopes of the two lines
are both negative to give positive AH and AS values and (2)
there is a break between the two lines near 297.1 K, which is
mentioned above as a breaking temperature in the micelli-
zation of 2 (Figure 9). Thus, the two sets of positive AH and
AS values for the p-CHj ester seem to be associated with a
similar binding process as in micellization; namely, the ester
is incorporated into the micelle by hydrophobic forces without
involving any covalent bonding. These values are also similar,
in both magnitude and sign, to those observed in the related
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Table V. Thermodynamic Parameters for the Hydrolysis of Hexanoate 5 Catalyzed by Micellar 2

km Kapp/N
temp
AGHD AH#, AS=, AG,b AH, AS, range,
X keal mol™! keal mol~! cal mol=?! deg™! kcal mol~? kcal mol~! cal mol~! deg™! °C
p-CHjy 20.5 15.4 -16.9 —4.66 3.63 27.8 14.9-22
-4.75 1.60 21.3 25-39
p-NOo 17.6 13.5 -13.7 —4.62 -11.9 —24.5 10.5-30
a Caleulated from the plots of Figures 10 and 11. ® For the values at 298.2 K.
15.5} 1135
- L 440
b1
=
E 36 ’E
g
2 IS
= S50l 1130
o 435 A '
@
34} 8
32 130 1450 4125
32 33 34 35
1 3ot A 1 I 1
/T %107 32 33 34 35
Figure 10. Plots of log (Kapp/N) vs. 1/T (eq 13 and 14). The Kapp/N Ut x 103 k!
values were obtained from the plots of eq 4 for the catalysis of 2 at pH . . . .
9.2 (0.05 M carbonate buffer) and at the following temperatures: for f‘(;gure 11. Plots of log (kT/hkm) vs. 1/T (eq 15 and 16); see Figure

p-methylphenyl hexanoate (5, n = 5, X = p-CHs; 2 X 104 M), 14.9,
17.4, 20.1, 22.0, 25.0, 28.0, 30.0, 35.0, and 39.0 °C; and for p-nitro-
pheny! hexanoate (5, n = 5, X = p-NOq; 5 X 10~5 M), 10.5, 13.1, 20.0,
25.0, and 30.0 °C.

polymer catalysis.?12 On the other hand, the data points of the
p-NOj ester in Figure 10 give a single straight line and the
slope is positive to give negative AH and AS values. These
large negative enthalpy and entropy changes appear to be
difficult to account for by any electrostatic or hydrogen
bonding, as well as hydrophobic, interactions as long as a
noncovalent binding process is concerned. As presumed above,
this difficulty may be solved by including the tetrahedral in-
termediate (9, eq 9) in the preequilibrium binding process; the
stabilization of the intermediate by electrostatic interaction
should give favorable enthalpy and unfavorable entropy
changes.

Concluding Remarks. It is well known that a simple
mixture of cationic micelle and a hydrophilic imidazole de-
rivative does not create any micellar activation, but rather
causes an inhibition of the imidazole function because of their
partition into different phases.l:82 While a combination of a
cationic micelle and an imidazole derivative which can be
incorporated into the micellar phase yields a remarkable ac-
tivation of imidazole nucleophilicity. Such activation does not
necessarily require 1:1 ion pair formation as in 4 because a
neutral hydrophobic imidazole can also be activated in a
cationic micelle.12 Presumably, the dipolar aprotic nature of
the micellar medium is responsible for such activation of
nucleophile. An interesting possibility is a cooperative elec-
trophilic catalysis by the micellar positive charge in such a
manner as to stabilize the transition state. However, it may
not be easy to prove such a catalysis in the systems of mixed
micelles so far examined. An important conclusion of the
present study is the reality of such catalysis to occur as de-
picted in the structures 6, 7, and 9. This conclusion appears
to have been reached by successful separation of ky, and
Kapp/N values.

Experimental Section

Materials. Water for kinetics and analysis was obtained by dis-
tilling deionized water twice. Buffer reagents (CH3;COOH,
CHgCOONa, NHQHPO4, KH2P04, NaHCO:;, Na2C03, (HOC-
H)3sCNH,;, NaOH, hydrochloric acid, etc.), eosine yellow
(CooHgBryNag), histamine dihydrochloride, and other reagents for
analysis were commercial extra pure reagents. Acetonitrile for the
stock solution of ester substrates was refluxed on phosphorus pent-
oxide and carefully distilled. Octadecylamine and octadecylbromide
were IR- and GL.C-pure commercial reagents and were further puri-
fied if necessary. Dimethyloctadecylamine was prepared by reacting
octadecylamine with formaldehyde and formic acid, bp 168 ° (3
mmHg).38 Octadecyltrimethylammonium bromide (STABr) was
prepared by reacting octadecy! bromide with trimethylamine in
ethanol and was purified by precipitation and recrystallization.
Hexadecyltrimethylammonium bromide (CTABr) was a commercial
reagent. N-Myristoylhistidine was prepared according to the litera-
ture method.®2 4-(Hydroxymethyl)imidazole hydrochloride (mp 108
°(),39 4-(chloromethyl)imidazole hydrochloride (mp 142 °C),*% and
4-(2-chloroethyl)imidazole hydrochloride (mp125-126 °C)4! were
prepared and purified according to literature procedures. Substituted
phenyl carboxylates were prepared by reacting the corresponding
substituted phenols with acyl chlorides in mixed pyridine-benzene
and were purified by distillation or recrystallization (methanol or li-
groin) according to literature procedures; their properties are listed
in Table VL.

Dimethyl[(4-imidazolyl)methyljoctadecylammonium Chlo-
ride (1a) Hydrochloride. 4-(Chloromethyl)imidazole (5.7 g) and
dimethyloctadecylamine (22.5 g) were dissolved in 100 mL of anhy-
drous ethanol and reacted in an autoclave at 80 °C for 2 days. Into the
reaction mixture was introduced dry ammonia gas under ice cooling,
and the resulting solid ammonium chioride was removed by filtration.
The filtrate was concentrated, and ether was added to the residue to
give a precipitate. The precipitate was further treated with etha-
nol-ether in order to remove excess dimethyloctadecylamine and fi-
nally with HCl in ethanol to convert the free imidazole to its hydro-
chloride. Ethanol was removed, and the residue was carefully re-
crystallized from ethanol-ether to give an amorphous powder (ca. 20%
yield) which melted at 65-68 °C by forming liquid crystals which
decomposed at 178 °C: NMR (60 MHz) 7 (D-0) 2.2 (1 H, s), 2.46 (1
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Table VI. List of Ester Substrates (5)

5 X bp, °C (mmHg) mp, °C Amax, N
acetates (n = 1. p-NOo 77-78 400
m-NO, 55-56 405
p-COCHj 51.5-53 327
p-Cl 113 (18) 303
H 87 (20) 270
p-CH; 123-124 (15) 279
m-CH; 97-98 (18) 279
p-OCH; 131 (21) 31-32 289
p-t-Bu 128-128.5 (18) 278
butyrate (n = 3) p-NO. 122-124 (1.5) 400
hexanoates (n = 5) p-NO- 137-139 (1.0) 400
p-COCH, 194-195.5 (17) 327
p-Ci 101-102 (1.0) 303
H 92-93 (1.0) 270
p-CHj 96-97 (1.0) 279
p-t-Bu 136-139 (2.0) 278
p-OCHy 120 (1.0) 289

7 Absorption wavelength of phenols used for kinetics (pH 9.2 under micellar conditions).

H, s}, 5.56 (2H, N*CHxIm), 6.7 (br, ca. 2H), 6.9 (ca. 8 H, s), 8.62 (br,
ca. 32 H), 9.03 (3 H. t). Anal. Caled for Co4H49ClaNs: C, 63.96; H, 10.98;
Cl, 15.73; N, 9.33. Found: C, 63.82; H, 11.30; Cl, 5.95; N, 9.13.

Dimethyl[2-(4-imidazolyl)ethyl]octadecylammonium Chlo-
ride (2) Hydrochloride. 4-(2-Chloroethyl)imidazole hydrochloride
(10 g, 0.06 mol) was dissolved in 30 mL of anhydrous ethanol, and to
this was added 22.5 mL of 3 N ammonia in ethanol under ice cooling.
The resulting ammonium chloride was filtered off, and dimethyloc-
tadecylamine (35.6 g, 0.12 mol) was added to the filtrate. This reaction
mixture was refluxed for 92 h, treated again with ammonia-ethanol,
concentrated to 100 mL, diluted with 400 mL of ether, and finally left
for precipitation under cooling. The precipitate was treated with
charcoal in hot acetonitrile and recrystallized to give 11.3 g (44%) of
colorless crystalline powder. Additionally, about a 60% total yield was
obtained. This product was further treated with HCl in ethanol and
carefully recrystallized with ethanol-ether to give the desired pure
hydrochloride: mp 85-86 °C, decomposed at 152 °C; NMR (60 MHz)
7(D:0)2.2(1H,s),29(1H,s),6.3-7.2 (br, ca. 4 H), 6.83 {(ca. 6 H, 5),
8.72 (br, ca. 32 H), 9.13 (3 H, t). Anal. Calcd for Co5Hs,CloN3; C, 62.12;
H, 10.22; N, 8.95. Found: C, 62.20; H, 10.69; N, 8.90.

pH Measurements. A Hitachi-Horiba pH meter/F-7DE was used
and standardized using certified standard buffers: pH 6.86 (25 °C,
JIS-Z880a, phosphate buffer) and 9.12 (25 °C, JIS-A8002, borate
buffer). The glass electrode was carefully rinsed with pure water be-
fore and after each measurement. The pH of the reaction mixture was
measured before and after the reaction, and when these two pH
readings differed by more than £0.04 unit the run was discarded.

p K Determinations. In a thermostated water bath (25 °C), an
acidified solution of 2 (pH 3-4, with HCl) was titrated with a con-
centrated sodium hydroxide solution with stirring by using a micro-
buret and an above pH meter. The data were treated by the modified
Henderson equation,!? and the results are shown in Figure 1.

Cmc Determination.!t Solutions of varied concentrations of 2,
each containing 1 X 107 M of eosine, were made up with 0.05 M
buffer of given pH. Absorbances of these solutions at 517 and 529 nm
were measured spectrophotometrically in a thermostated cell by using
a Hitachi 124 spectrophotometer. The plots of absorbance vs. sur-
factant concentration (C'p) always gave sharp breaks at the cme for
each wavelength under various conditions (pH and temperature,
etc.).

Kinetic Measurements. The general procedure was the following.
A 3-mL amount of reaction solution of given pH containing the cat-
alyst of desired concentration, if any, was temperature equilibrated
in a quartz cell placed in a Hitachi 124 spectrophotometer. To this
solution was added 30 uL of ester solution in acetonitrile by using a
small polyethylene rod having a pedestal for both holding the ester
solution and mixing, and the absorbance of liberated phenol (see
Table VI) was recorded. Rate constants were calculated using the
absorbance at infinite time determined for each run and by using the
integrat}ed first-order equation ky = (2.03/¢) log [(OD. ~ 0D, )/(0OD.
- 0Dg)].
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Free-radical reactions of several fluoroalkane- and chlorofluoroalkanesulfenyl chlorides with toluene, cyclohex-
ane, and butane have been studied. The organic products obtained from these reactions include thiols, disulfides,
sulfides, and chlorohydrocarbons. The relative yields of these products depend upon the structure of both the sul-
fenvl chloride and the hydrocarbon. Steric arguments are proposed to account for the results.

Following a long period of concentration upon the ionic
reactions of sulfenyl halides,? recent years have seen the be-
ginnings of interest in the free-radical chemistry of these
materials. Free-radical additions to olefins have been dem-
onstrated,*® and reactions with hydrocarbons yielding di-
sulfides, sulfides, and/or chlorohydrocarbons have also been
reported.15-10 [n the previous paper of this series, free-radical
chain reactions of CF3SCl with several hydrocarbons con-
taining alkane C-H bonds were found to yield trifluoromethyl
hydrocarbyl sulfides, bis(trifluoromethyl) disulfide, and
chlorohydrocarbons, the relative proportions depending upon
the structure of the hydrocarbon.!2 This paper presents the
results of a study of the free-radical reactions of several fluo-
roalkane- and chlorofluoroalkanesulfenyl chlorides with hy-
drocarbons aimed at assessing the influence of the structure
of the sulfenyl chloride upon the course of the reaction.

Results and Discussion

The sulfenyl chlorides studied were 1-6. Photoinitiated
reactions of each of these with excess cyclohexane, toluene,
and n-butane were examined. The results of the reactions are
tabulated in Tables [-III and are discussed below.

(CFgHCSCl (CFg)gCFSCl n-C3F7SCl
1 2 3

0022-3263/79/1944-0563%01.00/0

HCF,CF2SCl  CICF3SCl  C1,CFSCl
4 5 6

The reactions examined yielded four types of organic
compounds as major products: thiols, disulfides, sulfides, and
chlorohydrocarbons—one, two, or three of which may pre-
dominate in a particular reaction, depending upon the
structure of the sulfenyl chloride and the hydrocarbon.

hy
R¢SCl + RH — R¢SH + RSSR¢
+ RSR + RCL+ HCL (1)

In no case were all four obtained as major products.

The reactions of perfluoro-tert-butanesulfenyl chloride (1)
as a group were unique in that the only major products de-
tected were the thiol and the chlorohydrocarbon (eq 2). Thus
from cyclohexane, perfluoro-tert-butanethiol (7) and chlo-
rocyclohexane were obtained.

hv
{CF3)3CSCl + RH — (CF3)3CSH + RCl (2)
1 7
In all three cases at most traces of HCl were noted during the

irradiation period, and one to several trace unknowns were
detected by gas chromatography (GC). In the reaction with
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